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C::''1>< ''l}Oct ··.:~:·.'ef\on'~n P10 snr·<'cssful roncluni..o:-1 e_Dd presents 
t>:e '<'~Ju'Lts o,·· l'hasc I of a ?eneral ex; .. sl-1."18ntrl .l.nvcnt:lr:atlon 
of' :ll)Vc~1-{J:r- s:·r:1Jil~.t;r of [l two-d.imensj on11l r 1 0dcl heJ.1,..optcr 
·>c'·~: ..,,: ·: ,.;\ nll lt~t.eral ~~rotic'n has heen eLLr:~inated excer:t thll t 
cf t 1'·:' ~-~tab!.l L?e~- 'ho}· r.nd ttp path plane. The sole ob.iective 
of ~hL~ f'::•st. .. ·hr.f>e Has the develop"lent r)f the test fac:Uity, 
tr1e :·;;>._1cl. :_ ~ s i.nstn1·•:entet:i.on. nnd tho ro:'1pletion and par
t.:aJ ~ >l•H '_,::· ,.f dntn for· o;1e test run. 'l'!l.erefore, th.in 
J·C110: ~ .lc~- Ls . ~ · -,ol'Ll;r '.::Lth a descr!_ption of the test fe('il:!.ty 
r!\-:'i "'(• l,-,·1 ~~:od I IH~llJ:lO:J c di:Jr'US3:i.On Cf tl1C l'CflSODS fOl' r1nd 
\"'li:i; t:r c:·· t·l:c to!Jt "::ethocl herein dcncrl.bcd. 

1J1:-l':: rncd.e 1' ~~ ·r~evr.:: t· ~lrt.~ J .. c:r for~nance, as d.G termincd fro·.n thl1 llS t 
:::. t~,~n.cl c1~ tc;. ~ s ~ r1cluded ir1 ~raphtcal for.·1~-~, tJ s are tl1e ex}'eri
·:'r>nt:.~l ~'"'~'1:1: ~ of the test run. The theorct 1.c1Jl };erfor,11Pnce 
·.-.~· t}1C ·-~n~:ic} .. r ?'7J:r .~~ sl·i~~t distnJ-:banc-c from hoverinr~ fl:i.C?ht 
:r;-: ~;ce:l ·l~ulnte1 fer both a stable ronfie·.urr.t!.on rmd P 

~~t· 'hi.l; t~" ~)r·,1;;rl~:l·y ccr1fj !",lll'ation. and :! s nlso f,l'Cj hi('ally 
~·:r~ se1~tecl :1Cl'C:> ~ .. ~1. 

';•[·:·.,, ·nvc:".'.'~·:o'·~;r;n '.U'ls carr:led out at FPlnC'cton Untversity· 
\·::del' the :'.'•onscrshLp of the Office of Nrv£:1 research and 
v:'th the J"_rlf.clr··'."ll .r:s::>~2.tHi1Ce of the B11reou of Aercnnutics. 

IWrP.ODUCT IC:N 

'.JL U1 thr; ~ nr ,·ens1.n.-~ nsefulness of rotnry i>T1.nr, aircl'aft for 
1!c)th "•:lJ.i.tm~,· nnd rivi.l.1An applicat.lon. it has become np
'·[•!c::nt-. tl~8t "1Ctho·.18 "1\lSt be developed f01· ACCUrately ].ll'edict
:n.": theLr 0tnbLltty (:ha1'acteristi.cs. The j:r.1.rna::.'y purpose of 

nr, :."vc::.::,i::ni.l.on nlon(" these lines would be the determina-
tion of' the c1tn tic and dynamic s tab:lli ty derivatives. 
'l'hc~o···r:t.:r-aJ. flnalyses htwe been made of the stabillty nnd 
rontrol rhnracteri::Jt:l,·s of a helicopter slightly distnrhed 
r~,o~~ hovering flight, and theoretical methods of detel''nin-
J.nr stob!l~t¥ uerivatives h.a.ve been arrived at. (neferences 
l. 2. nnd 3-J Howeve1• these theories cannot be usee 
w.lth r~onftdonre untJ.l the values of the theoret.1.c'ally 
drH'ived stn1':~l:tty d.erivat.tves have either been verJ.fied 

BEST AVAiLABLE co· 



experimentally er replaced by empirical values determined 
from experiment.  Such en experimental investigation would 
also prove or disprove the validity of certain simplifying 
assumptions made in the theory, and, if the latter were so, 
it would show the way for improvement. 

A  broad experimental program has been undertaken to deter- 
mine the stability derivatives of a model helicopter near 
hovering flight.  This program has been divided into 
several phases.  Phase I, of about one year's duration and 
described herein, was concerned with the development of the 
test facility, design and construction of the model system 
and its instrumentation, and the development of testing 
techniques.  A theoretical analysis of the model using 
existing theory was made, but no comparison of theory with 
experiment was attempted nor extensive experimental data 
recorded. 

Phase II. which is now under way, is concerned with the 
measurement, recording, and reduction of flight date with 
the model in several stable and unstable configurations. 
The various dynamic stability derivatives will be calculated 
from the experimental data, non-dimensicnalized, and a com- 
parison made with the theoretical derivatives.  An attempt 
will be made to adjust the theory either theoretically or 
by the inclusion of empirical stability derivatives to allow 
for any discrepancies that may be discovered. The stability 
characteristics of the model will then be calculated for a 
flight condition different from any previous ones and checked 
experimentally.  This phase will also be of approximately cne 
year's duration. 

A possible extension of the program would be an investigation 
of the effect o£  blade flexibility on dynamic stability 
derivatives of a model helicopter near hovering flight.  The 
next step might Iossibly be that of entering the forward 
flight repine.  This would require not only the measurement 
of   dynamic stability derivatives, but also the determina- 
tion of the static stability derivatives, either from wind 
tunnel tests or from actual steady forward flight along the 
track. 

The practicability of modifying the methods and apparatus 
of the present phase i'or forward flight stability tests is 
currently being Investigated. 
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SYMBOLS 

Physical  Quantities 

wz 

wx 

b 

R 

c 

& 

Bl 

«31 

a. 

To 

Llb 

Lifting weight of model, pounds 

Horizontal traveling weight of mcdel, pounds 
(model plus carriage and portion of trailing cable) 

number of blades 

Blade radius, feet 

Blade-section chord,   feet 

Rotor  solidity be 
iff 

blade pit^h angle at hub, radians 

Longitudinal cyclic blade pitch angle variation 
at hub",  cyclic input disturbance*,  pilot's control  term, 
radians 

Total longitudinal cyclic blade pitch angle variation 
at hub 

Mass of blade per foot of radius, slugs per foot 

Mass moment of inertia of rotor about flapping hinge , 
lb-ft-sec . 

Longitudinal fuselage attitude angle, angle between 
plane perperdicular to rotor shaft and horizontal 
reference plane, radians 

Damping factor, indicates rate of increase or 
decrease of model motion, seconds"^- 

Distance along shaft axis from rotor hub to model 
center of gravity feet 

Model mass moment of inertia less blades about lateral 
axis through center of gravity, lb-ft-sec . 

Mass moment of inertia of stabilizer bar about its 
pivoting axis, lb-ft-sec2. 

Viscous damping coefficient applied to bar, ft-lb 
per radian per second 

ratio of viscous damping coefficient to moment of 
inertia of bar, seconds"1. 



K     Linkare ratio between bar and blade feathering motion. 

t     Time, seconds. 

P_     Built in coning angle of blades, radians o 

Alr-Flcv Parameters: 

V?     Vertical component of true airspeed of model, 
feet per second 

V     Horizontal component of true airspeed of model, 
x     feet per second 

n Rotor angular velocity, radians per second 

a.     Longitudinal rotor angle of attack, angle betveen 
tip path plane and direction of flight p^th, radians 

V 
u     Horizontal tip-speed ratio (-jr-p) x ^nF 
f     Blade azimuth angle measured from downwind position 

in direction of rotation  (/it), radians 

Aerodynamic Characteristics'. 

Blade-element aerodynamic characteristics 

ca  Section lift coefficient 

c.  Section profile-drag coefficient 
o 

6   Mean profile drag coefficient 

a   Slope of curve of section lift coefficient 
against section angle of attack (radian measure) 

Rotor aerodynamic characteristics 

L   Lift, pounds 

T        Rotor thrust,  pounds 

Q        Rotor-shaft torque,  pound-feet 
T Cm  Thrust coefficient —* = *  T TRVCOPT 

C0      Rotor-shaft torque coefficient   —*—°  
H TTR^P  (ARTR 



DESCPDTION CF APPAEATUS 

Test Facility 

The  t 6St facility is conpr 
wide ana c:P feet long, who 
shown in figure  1.  ond a  r 
figure 1 The  control  roo 
build in.p; and affords con pi 
nel. controls,  and record' 
have an unobstructed view 
the   t racl v.   the nodel being 
thick plexiglas. 

ised of a brick building 28 feet 
se lateral cross-section is es 
ontrol room as also shown in 
m is built into the 
ete protection for ' 
nT equipment.  Test 
of the ~odel in any 

side of the 
zest person- 
personnel 
position on 

viewed through one-half inch 

Tho tracks aie --cunted on a cinder block wall at a height 
cf four and one quarter feet above the lower level of the 
building. The track system is built up of extruded aluminum 
channel and "T" sections as shown In figure 2.  and is so 
designed that both vertical and horizontal adjustments for 
alignment may be made by 'eons of screws. 

'lodel Supporting Structure 

The carriage is constructed of 2k  ST extruded aluminum angle 
sections.  It rolls on and is held on the track by means of 
four pair of ball bearing rollers. One of each pair runs on 
top of the track, the other mounted directly below the first 
runs on the underside of the track.  The carriage is centered 
en the trad: by means of four additional bearings which roll 
cgainst the inside edge of the track.  (See figure 3) The 
chassis of the carriage is of rectangular shape, the bearings 
being mounted at each corner. 

Vertical freedom of motion is accomplished by allowing a 
square aluminum tube to move freely on four pair of ball 
bearing rollers which are mounted on the superstructure of 
the carriage, and are arranged about the tube as shown in 
figure k,  with two pair to each set and a distance between 
sets of seven inches.  Positive stops are built into each 
end of the square tube. On the upper end of the tube is 
mounted a yoke, also constructed of aluminum, which carries 
the bearings supporting the trunnions about which the model 
is free to pitch.  Pitch stops are attached to the yoke 
vhich limit the model pitch angle to thirty degrees in either 
direction. Lateral and rolling motions are completely 
eliminated. 



Model 

The model itself is mounted in the yoke so that the pitch 
axis passes through the center of gravity of the model. 
Power is supplied by a heavy-duty disc sender type motor 
which develops about one and one-half horsepower when run 
at a stepped-up voltage. The motor as well as all the com- 
ponent parts of the rodel are shown in figure 5« 

The motor is geared to the rotor shaft through a two-stage 
planetary gear system allowing a 12 to 1 speed reduction. 
The first stage planetary gear and the second stage sun 
gear are shown in figure 6 mounted on the motor with the 
gear box containing the ring gears at one side. Figure 7 
shows the gear box in place with the second stage planetary 
gear shown mounted on the rotor shaft in the foreground. 
All gears are splash lubricated with a medium light weight 
motor oil. Figure 8 shows the rotor shaft in place as well 
as the six slip-rings required for the rotor tilt angle and 
stabilizer bar tilt angle indicating circuits. 

Figure 9 shows the installation of the magnetic clutches. To 
one side is shown the clicch housing which carries the 
follow-up potentiometers and the brushes for the slip rings. 
In the foreground are the screw-jacks. The lower side of 
each magnetic clutch is geared directly to the rotor shaft. 
The other side of each pair is geared directly to a screw 
jack comprising the lower end of the corresponding blade 
linkage system and to a follow-up potentiometer. B'igure 10 
shows the clutch housing in place with the follow-up potenti- 
ometer and the screw jacks installed. The control for each 
pair of magnetic clutches is an identical potentiometer 
mounted in the control room.  The two potentiometers of each 
control are so connected electrically that a movement of the 
control potentiometer introduces an error signal in the 
electrical system which by mean3 of an electronic amplifier 
causes cne of the pair of magnetic clutches to engage, thus 
running the screw jack up or down and rotating the follow-up 
potentiometer so as to cancel out the error signal and stop 
the motion. This introduces the desired control motion to 
the model. 

In th foreground of figure 10 are shown the cover plate of 
the c l.utch housing and the swash plate assembly. Figure 11 
show, these components in their installed position. The 
screw jack on the right engages the collective linkage* that 
on the left, the cyclic. The swash-plate may be tilted only 
about an axis parallel to the model pitch axis. The scissors 
levers are shown attached to the swash plate by the monkey 
links and pivoted on the collective pitch sleeve. Vertical 
movement of the sleeve introduces an equal angle to each 
blade by means of linkagesjtilt of the swash plate introduces 
a cyclically varying angle. 
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In the foreground of figure 11 are shovn from left to right: 
the stabilizer bar damping pot, a micro-torque potentiometer 
for indicating bar tilt, the stabilizer bar with mixing 
leveis and connecting links, the blade hub, and the potenti- 
ometer for indicating rotor plane tilt. These components 
are shown installed in figures 12 and 13. Also shown in 1 
figure 12 are the magnetic clutch amplifiers, the control § 
box, and the rotor blades.  As may be seen, the lifting 
rotor has two blades which are connected to each other 
rigidly and to the shaft by means of a universal joint. 
The rotor blades are constructed of solid spruce with a 
one-eighth inch by three-eighths inch strip of brass 
buried in the leading edge so that they are balanced about 
their quarter chord which is also their feathering axis. 
The airfoil section is e NACA 0015. The blade surface has 
a smooth lacquered finish. 

r 

The stabilizer bar as shown in figures 11, 12, and 13 is the 
Bell type and consists of a bar with a mass on either end 
connected at its center by a pivot to the shaft at a point 
below the rotor plane and at right angles to the feathering 
axis of the blades. The bar is further connected by suit- 
able linkages to the blades and is free to pivot up and 
down while rotating.  This "see-saw" motion is provided 
with viscous damping which determines the rate at which the 
motion of the bar follows the disturbed angular motion of the 
model shaft.  The motion of the bar may introduce a cyclic 
variation in rotor blade angle by means of the aforementioned 
linkages. Thus while the model is hovering, the bar is 
rotating in a plane perpendicular to the rotor shaft and the 
rotor blade angle is not affected. However, if the model is 
disturbed In pitch, the bar, due to gyroscopic forces, tends 
to remain parallel to its original plane of rotation, and 
hence introduces automatically a cyclic variation in blade 
pitch angle which tends to restore the model to its hovering 
condition. The main factors which affect this automatic 
stabilization are the viscous damping applied to the bar and 
the linkage ratio between the bar and the rotor. 

Viscous damping is applied to the stabilizer bar by means of 
a solid "swinging gate" immersed in a hemi-cylinder of 
hydraulic fluid and pivoted about the axis of the cylinder. 
The portions of hydraulic fluid separated by the gate ere 
connected through a passage and an adjustable needle valve. 
The pivot shaft of the gate is geared directly to the bar and 
is free t pivot as the bar does. When the model is disturbed, 
the bar begins to rock back and forth as stated before. This 
movement forces the hydraulic fluid through the needle valve 
and results in the application of a viscous restraint to the 
bar. Different values of damping may be realized by adjust- 
ing the needle valve. 

. *.-;. i..r. ...ijim 
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To chenge the linkage ratio between the bar and the rotor 
requires a different set of mixing levers, and associated 
links. 

Vertical and horizontal motions are limited by the engage- 
ment of elastic shock cord by the model and carriage, which 
gives adequate protection to the model when and if control 
is lost. 

INSTRUMENTATION 

The model and carriage are instrumented to record the 
following data: vertical and horizontal displacements, 
vertical and horizontal acceleration, fuselage attitude 
angle, stabilizer bar tilt angle with respect to rotor 
shaft, rotor tilt angle with respect to rotor shaft, 
collective blade pitch angle, cyclic blade pitch angle, 
and rotor shaft speed.  It has been planned to add an 
angular accelerometer to measure fuselage attitude ac- 
celerations before Phase II is begun. 

Vertical and horizontal displacements are recorded by means 
of a series of electrical contacts mounted on the track and 
on the square tube.  As the model moves vertically or hori- 
zontally, insulated leaf springs mounted on the carriage 
brush these contacts and close the circuit, thus allowing 
an electrical pulse to flow in the circuit which may be 
recorded by an oscillograph.  The amplitude and polarity of 
the pulse vary from contact to contact in t*  rre-set manner 
so that they form a pattern on the oscillograph record.  A 

reversal of direction reverses the order in which the con- 
tacts are made, and hence the pattern on the record, which 
allows easy identification of reversal in direction and dis- 
placement at which It occurs. 

A miniature accelerometer of range t 1.5g Is mounted on the 
vertical tube to generate a signal for the recording of 
vertical accelerations. A similar accelerometer is 
mounted on the carriage for horizontal accelerations. 

Fuselage attitude angle is recorded by means of a poten- 
tiometer which is driven by a spur gear mounted on the model 
pitch shaft. The potentiometer has a voltage impressed 
across its outside terminals. The center terminal is grounded*, 
one of the outer terminals is led to the oscillograph where a 
rotation of the potentiometer shaft is recorded as a galvan- 
ometer deflection. Both bar tilt and rotor plane tilt are 
recorded in a similar manner. An angular accelerometer is to 
be mounted on the fuselage pitch axis to measure fuselage 
attitude angular accelerations. 
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Collective and cyclic blade pitch angle are recorded as an 
oscillograph galvanometer deflection proportional to the 
change in resistance from the center terminal to an outside 
terminal of their respective follov-up potentiometers. 

Rotor shaft speed is obtained by recording an electrical 
pulse introduced by the opening of a set of breaker points 
by a cam mounted on the rotor shaft. 

A visual indication of rotor speed is obtained for the 
operator by measuring the output voltape of a small d.c. 
generator mounted on the bottom of the motor case and 
driven at motor sheft speed. 

This comprises the instrumentation anticipated for the 
successful measurement of flight data. 

All data are recorded by a Heiland Type A 301R Oscillograph. 

M 

TEST PROCEDURE 

A typical run is as follows:  First the bar damping is set 
at the desired value. Then the model is brought up to 
speed and made to hover at one end of the track. When the 
model is in steady hovering flight, the recording circuits 
and oscillograph are turned on and a given disturbance is 
applied to the rotor by introducing an error signal into the 
cyclic pitch circuits.  An oscillograph record is taken of 
the subsequent motion until the flight is completed or until 
the model engages one of the stops.  The oscillograph record 
is then developed, and the data analysis begun. 

Since most of the data is recorded as a resistance measure- 
ment depending on an impressed voltage, the affected com- 
ponents are calibrated before and after each day's tests 
so that proper allowance may be made for a drop in voltage 
as the batteries are used. 

PRECISION 

It is conservatively estimated that the measured and recorded 
data will have the following tolerances-- 

Angular measurements t  1/4 ° 

Linear measurements * 1/32 in. 

Rotor shaft speed - 20 RPM 
Accelerations i  0.02 g 

! 3 
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RESULTS 

The results of the model end test facility development are 
presented In thr main, pictorially. Figure 14 shows the 
model, supporting members, and carriage mounted on the track. 
In the foreground are strands of elastic shock cord 3tretched 
across the track to snub the model. The cable carrying the 
pover, control, and position indicator circuits is shown, 
trailing to the left of the model. 

Figure 15 is a closer view of the model showing the method 
of attachment to the yoke and carriage. Figure 16 is 8 
general view of the laboratory, with the control room on 
the left. Figure 17 is a broadside view of the control 
room with the model and tracks in the foreground.  In 
figure 18, a close-up of the control room is shown and 
the general arrangement of controls and recording apparatus 
is indicated. 

The experimental results of a thorough static thrust analysis 
are presented graphically in figures 19, 20, and 21.  Figure 
19 is a plot of thrust coefficient versus blade pitch angle 
and a comparison with theory for a lift curve slope of 5«75 
per radian. Figure 20 is a plot of the torque coefficient- 
thrust coefficient polar, and figure 21 shows the? variation 
of rotor profile drag coefficient with blade pitch angle for 
a 3/4 radius Reynolds Number of 313,000.  Table I lists the 
measured model characteristics. 

Figure 22 shows that the variation in stabilizer bar damping 
as determined statically by experiment is linear with speed 
and that the damping coefficient is therefore constant for a 
given needle valve setting. 

A sample oscillograph record is presented as figure 22 to 
show the present status of the recording circuits. Data from 
this record are presented in figures 24 and 25. Figure 24 
shows a typical fuselage attitude versus time record whose 
half period is 3-4 seconds with a computed damping factor 
of -.454 se,c~l for a cyclic blade pitch disturbance of ?.0 
degrees. Presented in figure 25 is the horizontal velocity 
response whose half period is 4.75 seconds with a computed 
damping factor of -.459 sec"1. Collective blade pitch 
angle was measured and found to be 11.0 degrees.  Other data 
was not reduced, either because it is not of much interest 
at this time or because of obvious reduction difficulties 
whose elimination will be discussed later. Table II lists 
the calibration constants for the oscillograph galvanometer 
deflections. 
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Theoretical responses of the model, using the theory of 
Appendix 1. for two values of stabiliser her damping were 
computed and presented ss figures 26, 27. and 28.  Figures 
26 and 27 show the horizontal velocity response and figure 
2F shows the fuselar-e attitude response of the model for a 
given assumed cyclic blade pitch disturbance. 

ANALYSIS 

The dynamic stability characteristics of the model are de- 
termined from its motion following a disturbance from steady 
hovering flight.  The various oscillatory motions of the 
model are assumed to be of the form 

N N0 e 
*t cos cut 

where N is the amplitude of the disturbed, motion, > is the 
damping factor, and cu is J;he frequency of oscillation. Ob- 
viously, the product K o * defines the, envelope of the re- 
sulting motion and > gives the characteristics of the dynamic 
stability, that is, both the degree and type of damping present, 
Solving the above equation for * end remembering that only 
the maximum amplitude is necessary so that cos cut = * 1, yields 

~\    = 

InN, M. 

t2 - tx 

where Np and N, are two successive maximum amplitudes occurring 
at time t« and t,.  Thus the stability characteristics may be 
determined directly from the oscillograph record, by measur- 
ing the galvanometer deflection at two successive peaks, 
noting the difference in time between the two peaks, and sub- 
stituting these values in the above equation.  The period of 
the oscillation may be determined by measuring the time re- 
quired for a complete oscillation as indicated on the oscillo- 
graph trace. 

Vertical and horizontal velocities are determined from the 
slopes of the displacement versus time plots. 

Vertical forces, horizontal forces, and fuselage pitching 
moments are determined by the application of Newton's First 
and Second Laws to the observed motion.  Since the accelera- 
tions are measured and all remaining physical quantities are 
known, the calculation of these quantities is a simple 
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matter.  If these fe11. es pre then plotted versus various 
parameters, the slope of the curve as it passes through 
zero rives the desired dynamic stability derivatives.  These 
derivatives ere then compared with the theoretical ones 
derived in chapter >f reference 1. 

DISCUSSION it 

This investigation has been concerned with the development 
of a model helicopter end testing techniques suitable for 
the further study of the dynamic stability characteristics 
of rotary wing aircraft.  The method herein described vm? 
chosen for its apparent simplicity and adaptability to erzy 
construction and instrumentation.  It is easy to see that 
the elimination of all lateral motion except that of the 
stabilizer bar and rotor has greatly simplified the probier-. 
Physically this results in the model's beinr a representation 
of one rotor of a twin-rotor helicopter with side by sue. 
oppositely rotatinr rotors, because any longitudinal motion 
causes equal and opposite lateral inclinations of the two 
tip path planes which results in a ccn^ella :.ion of lateral 
forces.  The end result being that no  lateral motion ensues. 
Since the theory was developed with this in mind, a direct 
valid comparison may be made between experimental and 
theoretical dynamic stability derivatives.  It is also ob- 
vious that the stability derivatives, due to their nature, 
will also be applicable to a single-rotor helicopter for 
motion near hovering flight. 

The presence of the carriage, i.e., the fact that the travel- 
ing weight is different from the lifting weight, has been 
accounted for in the theoretical analysis and should have 
absolutely no effect on the comparison of stability 
derivatives. 

The effect of the bearing friction is quite small, as is 
adequately evidenced by the ease with which a slight push 
will start the carriage and model moving along the track. 
Its subsequent coasting ability is quite good. 

The effect of the trailing cable appears to be quite large 
at present. The next step in reducing its effect will be 
the replacement of the present bundle of wires with a 
single, multi-conductor cable of much lighter weight and 
smaller dimensions.  If this should still appear to have a 
prohibitive effect, the trailing cable system will be 
eliminated and a series of third rails will be installed. 
However, if the effect of the new trailing C8ble appears 
small, it may also be adequately accounted for in the the- 
oretical analysis, or even completely neglected. 
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It is quite apparent that since the rotor blades ore consid- 
erably stiffer. relatively, than those of a full scale heli- 
copter, the effect of Made flexibility should be smell. 

The handling qualities cf the --odel are comparatively ~ccd. 
It is quite sensitive to control movement, and the ",a erne tic 
servo clutch system 
nay he flown "hands 

.s operating satisfactorily.  The -ode] 
;ff" for a considerable length of tine. 

A novice "pilot" can learn to fly it safely in a 
short period of time. 

surprising, y 

At present, the model is about three pounds overweight, which 
requires a mich larger blade pitch angle and rotor RPM thru 
was originally contemplated.  An investigation is now under 
way to determine the possibility of replacing the present 
motor with a 400 cycle aircraft hydraulic pump motor of 
about half the weight of the present -iotor and capable cf 
develcpinr two horsepower continuously.  It appears that 
this conversion may be made with a minimum of design 
changes.  The main advantage of such a conversion lies in 
the weight saving which results in a reduction of the blade 
pitch angle rnd rotor RIM required.  This weight reduction 
also will allow the installation o. an angular bccrlerometer 
on the fuselage pitch axis.  It is estimated that the result- 
ing lifting weight will be less than 29 pounds, a consider- 
able reduction. 

Figures 19, 20, and 21 give the results of a static test 
analysis of the model.  As may be seen from figure 19, the 
comparison of experiment with theory is quite good for a 
lift curve slope of 5-75 per radian.  Rotor profile drag 
coefficient \ersus blade angle was determined from thrust 
stand data and plotted in figure 21.  The value of this 
coefficient is required for the theoretical analysis, it 
being primarily a Reynolds Number correction. 

A sample oscillograph record is presented in figure 23- 
As may be seen, all traces are satisfactory except those 
indicating the rotor tilt angle and the two components of 
acceleration.  As yet, the reason for the "hash" in the 
rotor tilt an^le has not been determined, but Is is thought 
to be mechanical and capable of being eliminated as it does 
not appear in some of the first records taken.  The principal 
culprit causing the "hash" in the vertical acceleration Is 
the amplifier for the cyclic pitch magnetic clutches.  This 
may be eliminated simply by shielding the leads which will 
be done when the new trailing cable Is installed.  It would 
appear, though, from the horizontal acceleration, that some 
residual hash will be left in the vertical trace.  There are 
two avenues open for elimination of this in both traces, since 
it appears to be due primarily to vibration of the model and 
carriage.  One would be to use a properly designed filter in 
the circuit, the other would be to increase the galvanometer 
damping.  One or the other method will be attempted. 

  



1~:~; · <' ·he· ~~Ul:n C~·('"I tllC: rcH·orcl, the stab111zor bnr :t~J not 
'.l•r;~1:t)", pr(~J1<:1'1:r l•()r,[:IJ:Jc thoJ'O shoulc.l obvlousl:r 1"10 n (·or:
t:.::''•'-1 • :-~cLllnt.lu!' c,f tho br~r ~1.\.nce the 1'118nl.n;rn n 1 tl~ J·l 
c(_};·~-~~-~.i"~l~~tll;r ('1l:::1r~.! r1,:~:. ~-,1-le pon3cr1 th~ t , ~ L:~ not vJ~ : ;.~; :::' 
~n··c~rt").1·1..\" ~:.-·. -~ 4J1r1t t1to rc'rlt:lnl foJ•er·~; dll~:-~ t·n c(·r,t 'f'l.t .. ::! 1 lt:'"t~ 
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L(: l,:C,; ~.::~·I·~ •. c.xcrpt "\.Jl:c:1 n cycllc p.ttch vnrlntic.n-:fs t~'J;):··r:-.~:·•' 
'!'::~:·;::,.·b.-; c:t•sLly rr:1cdlcd b~·r :tncreosing the irwrtJn elf t:lf: 
b.:-:.1' ':r;t.L1 l ~-. i.e; 1:-n r:c r'n::1pored to the control forces. 

F<l!':-.1 cr evLclt nee thnt the osclllogroph record lD :Jntlsft!C'tor7r 
L~~ p·:'c:,c:J.tcd ;_,, f1.[':11l'c:~ ;::Jf 2nd ~:)5 whJch shm~ tho fuselnp:e 
.·,-:t·,tLt>H.lr~ :!:'Oc3)'Cnsc ::nd hl•ri7ontnl volocJty responso of tll0 
··~c1. rl•i" t;c, :~;l·:n\·l:l c:rel:Lc inpllt lli.~;t·.IP·11.'\T11~(;. The feet tL" 

"~:t:·~")},· ,,.!ott~~r~ 1w~; 1'o~;ultcrl, uht::rc·rl:·~ Jt 1-7<:1111_,1 l:c; '}XIJf~ ·tt:ci 
~.!:::t Ut<.:' nw~1c:l \!Ollld be 1\li:Jtollle s! nee tllo :-Jtob:tl1 zc1· Lor 
i::: incrrr,:J.ti~m. !~' thour,ll.t to be o dire~t l'e::;ult of the 
t1·::; l:Lnr~ cnl;le. 

s~::'.rcl~c~- t~1t-~1.'1,ct:Lcnl rcsportses of tl1e n1oclel l1nvc beer1 c::lclllnter-1 
r::lcl m'e pl'O 0or:. tor.! n s f !.r:uro s 26, 27, ond 2.C~ to show whn t may 
'1c p:'ed Lctccl for ,~,rlJltrf'.ry volues of stab:tllzer bar claP1pinr::, 
~oeffic:cnt. ~o rornpnrison w:tth experimental results 18 n~ 
tc":r,tcc1 no~c l.ntondccl. P:Lcnrc 27 shovn:; th::1t. theoreticell;:r, 
tho rry':r'lotc :not:i..oC~ of o stohle r1odel may be recorded on the 
tl'nc:c nvailnblc fer ony impulse cyclic input disturbance of 
lc~;s tl::->n o.bcnt 2 l/2°. It is therefore o.nt:lcipo.ted thnt 
::::Jtjsfr'rtor:r dntfl r:JE'.;r be recorded for hoth stable rmcl nn-
s tr:blc '''(Xlel ~~ s:Lmrly by koopin[" the cyclic input eli s turbo.ncc 
:::·~1r:ll r:-]rl01J:':l1. 

Therr: C\:J!'O.S:!.cs to he E1. sl:tr,ht recirculat:ton effect when the 
'r:odr::l 1::> 0o\'erecl o.t low oltitude nnd noor the ends of the 
b11Lldin.r~. ·Hllich J~. indi.cater:l hy nn unsteAdiness of the "10del. 
Ticucvcl', 11hon the model Js hovered in o normal fl:Lc;ht posJ-
l~ ~- o;1 nl1c.1 c t c short eli stance from tl1.e ends of tl1e bliild:t.nr; _. 
thi:; effect sccnnD to heC'ome nec;liglble. 

CONCLUSIONS 

1,H th the completion of the minor ad,iustments ond modificntions 
Lndicntecl ln the discuss:ton, the model and recording equ:l.pment 
'Hill be ready to begi.n l'hose II, the rocordinp; of tho disttn•bed 
n1c>t:ton of +,he model and the co.lculatlon nnd compar.ioon of the 
d;momic stnbll:Lty derivatives. 

l'rlnccton Uni.vcrs:Lty 
1-'r Lncc ton, N. J. , .Jnnunry 25, 1952 
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I~ idontlrnl w1th thnt d~rlve~ in Chnrtcrs 5 a~d 6 of 
'c·fn1·c-nrr· l. •;xccpt for .f"! fe1-1 ,.,.,!nor "lodifi.rntions C)f 
t·e r·"J:< ·" s : rd i. c :' tr:d hel Ovl. 

rr•]·,::· ... c·d ·i f·~r:t' t·r (')11;~ "!',o the t1~eo:r.y of reference 1 nrc the 
'nr··l'':"'Lun c-f" -~-:v- c:!"fect of the stohi.ll::wr boron the 
1·1,"ic ;;~trll r··,~:e n.:-1d the redefJrutio;o C'f terms to nc
(·(:'11!~ t· ~·c·;' n ~-.--.c- sr·'\·7 type rotor. The bnr introuuccs C1 

c:.-cl'c· v.~''-'.ntion in hl.<:!de p:l.tch anele whici1 :Ls broucht 
.-;":":ollt b~,r the: "'C•tlon of certl3in linkn~es inserted Jn the 
~~: tr·h chn!1f~C' .,,,"~lclllLS"i for the purpose of followi.nr: thr: 
.,,,,t.' r'n of' the· 11nr, 1-1hosc tendency Ls to re:.,n.in in the 
L::·i l::.f'J. ;hr,sc c•:f' J'ctntion. Tl:o ~1cve··1ent of tho bnr out 
"

0 

-:-.1~1~~ 1:-l·~t~,'~- ;:L;n0 of' rotntiol: :!..~:1 ::-:direct !'unction 
c~· Lee• dr::-:1:':Ln~ hu:i.l t J.ntc tho systeP"J ,"nd of the frictJon 
;;' t 1•c l:~nk[1r:'C2>. rrr·1e effect of the bt11' on the blEldC 
<:~tr·>, r·n;~lc ,,,.,_.,be derived fro·:; the equEJtlon of motion 
of t.~l_C h~:r. 

'J'llc CrJ.iJ:' t~.cn of' 1notLon of the bnr ''lt1Y be obtEd.ned by 
'.!?' l t"nr~ tho cqu:1t:~.on of moment equiLibrium about 1 ts 
1·,~c;~_ir1r-; h.~.~.nGe.. Tl:u s 

+ ( i 1 ) 
'ly db 0 

tLe moncnt due to inertia loads on the b[lr 

( N ) . 1 - the ~oment due to a viscous restraint 7t Ct l 
between the frame of the helicopter Dml 
u~e h81' 

the moment of oll forces acting on the 
blade obout its feathering axis (asoumed 
to be small in co1:1pa:rlson and hence 
ne:-r,le c ted) . 
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Expressing ß , the angle between the horizontal reference 
plane and the axis of the bor. as 

ß =-a.. cos f - b,. sin y 
b   lb        lb 

where a,, and b,. are positive when the bar is tilted sway 
from the direction of motion and the advancing blade, the 
moment due to inertia loads becomes, in a manner similar to 
equation 6.13a, reference 1, 

(M ) j  mb 
klb 

^«n/1 " V «** At - (2b^+ Vlb) cos/It 

where 

I-, = the moment of inertia of the bar about its lb rocking hinge 

SI    = rotational velocity of rotor and bar. 

The angle a, , between the plane perpendicular to the shaft 
and the plane cf the bar is 

ab - Pb - Q 

where 

a = the angle between the horizontal reference 
plane and the plane perpendicular to the 
shaft. 

The angle a, may be expressed as 

o = a cos n t +    a_ sin XI t 

end since a is being maintained equal to zero by means of 
mechanical restraints in this investigation, the angle a^ 
may be expressed as 

a, = -(a. + a.. ) cos /It- b,, sin Cl  t 
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Therefore, the moment due to a viscous restraint between the 
frame of the helicopter and the bar becomes 

where 

(M  ) u y db = JC a. 

= -c[[-(a1  + alb)-blb<n ]cos Ht 
-[blb-il(o1+ elb)]sinnt) 

JC    = viscous  restraint and  is  assumed negative 

a.   =      b b    xr 

Equating the coefficients of similar trigonometric functions 
contained in the two moment equations results in two differ- 
ential equations.  Then taking the Leplace transform of these 
two equations and setting the initial conditions equal to 
zero results in the following expression 

al + slb 

a. 

-A2U2-"^) * 2A/12(2A- c) 
~2 =" nd(2X-  c)' (A - c A)* 

where 

= Laplace transform variable 

C  = "lb 

Following Miller's suggestion, reference 2, that only the 
effect of the stabilizer bar on small roots is of interest, 
the assumptions may be made that A   is small by comparison 
with .fl  and hence 

al + alb 

2\   - c 
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As previously pointed ou+, the motion of the bar automatically 
causes a cyclic variation in blade pitch angle which is dir- 
ectly proportional to this motion due to the manner in which 
the blade feathering mechanism is linked to the bar.  Since 
the bar is 90° out of phase with the blades, this blade pitch 
change is 

© = K[-b,. cos ix t + (c, + a,, ) sin A t] 

where 

K = the gear ratio between bar and blade feathering 
axis. 

Since the model is restrained to motion in one plane, only 
the coefficient of sin A t is of interest, as this is the 
term which tilts the rotor plane and hence the whole model 
about the lateral axis. The neglect of the cos nt  term 
results in a small error in the longitudinal response as 
it was shown in reference 2 that the effect of the lateral 
response on the longitudinal response may be neglected. 
Therefore the expression for the total control angle may be 
written in the form 

Bl = Blc 
X Ka, 

2A- C 

where B,  is the pilot's control ter m. 

The applicable equations of motion are equations 6.32d and 
6.33d on page 220 of reference 1 and the following equation 
which has been modified for aee-saw blades and is to be sub- 
stituted for equation 6.31d of the same page and reference. 

HX(A)B31 + a1(A)B32 + a1U)B33 -(u^P^    + If^)^ ]F'2 

4   [{B1)0X   +  (e1)0X2}  N^ +  (fll)0 f^A   +  (2A -   c)XBlc 

where 

B31 " 2X\X ' * T M.       - IhA   + Q31 
yHx 

B,2 = -2A (1-fK)  + c"    = 

B„ - 2M»    A 2 - A (2+ c M< 

P32^ + ^32 
)   + c  - N<    AU+?U A+ Q! 

"53 33' "33 

and the various terms are as defined in reference 1 except that 
I,, wherever It appears is-now equal to the moment-oTTHeFtia 
or two blades and ßQ Is the built In coning angle of the blades, 
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TABLE I 

MEASURED MODEL CHARACTERISTICS 

Rotor: 

--20 

No. of blades, b = 2 
Blade radius, R = 3 feet 
Solidity, &  = .0441 
Blade chord, c = 0.208 feet 
Blade airfoil section - NACA 0015 
Slope of lift curve, a * 5.75/radlan      ? 
Moment of inertia, I, = .160 lb-ft-sec 
Preconing angle, ß = .0436 radians 

Weights: 

Lifting weight, W = 32 lbs. 
Total traveling weight, W = 43 lbs. 
Model center of gravity position: h ■ 1.013 ft belcw 

rotor hub and on rotor shaft axis ? 

Model mass moment of inertia less blades, I  = 0.194 lb-ft-sec 

Stabilizing Bar: 

Mass moment of inertia, I,. = 0.00557 lb-ft-sec2 

Linkage ratio, K = -0.60 iD 
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TABLE II 

CALIBRATION CONSTANTS FOR THE OSCILLOGRAFH GALVANOMETER 
DEFLECTIONS 

Collective blade pitch angle   12.l8*/in. 

Cyclic blade pitch angle  .-  13.52°/in. 

Rotor tilt angle with respect to shaft   11.22*/in. 
Stabilizer bar tilt vith respect tc shaft . . . 24.15*/in. 

Fuselage tilt angle with respect to horizontal . 25.00*/in. 

Vertical displacement between Impulses    1.00 in. 

Horizontal displacement between impulses ....  J5.00 in. 

Vertical acceleration    1.11 g/in. 

Horizontal acceleration   1.00 g/in. 
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FIGURE 6 
FIRST ASSEMBLY STAAE 

FIGURE 7 
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FIGURE 6 
THIRD ASSEMBLY STAGE 

FIGURE  9 
FOURTH ASSEMBLY STAGE 

FIGURE 10 
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FIGURE 12     COMPLETELY ASSEMBLED MODEL WITH CLUTCH 

AMPLIFIERS, CONTROL BOX, AND BLADES 

FIGURE 13   CLOSE-UP   or 
MODEL ROTOR SYSTEM 

FIGURE 14 VIEW OF MODEL AND 

TRACK SYSTEM 
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FIGURE 15    VIEW OF MODEL MOUNTED IN YOKE 

AND   ON CARRIAGE 

FIGURE 16  GENERAL VIEW  OF TEST LABORATORY 
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FIGURE: 17   View or MODEL *ND CONTROL ROOM 

FIGURE 18   CLOSE-UP OF CONTROL ROOM 



~-jJ^*.Ai**£^Mäi*iäi,^ 



3   C 

1 »• ' 

« 'S • 

, ft 

mj& Äa*ö£ alAJiiyay  asüh 



k 
- 

' 
_ 

  

r   v -i ■ 

'■    t 

■    !     1   _ 

i 

- 

_—. 

^      . 

r — t— — 

i 

i 

j 

i 
f 
1 

I 
i 

i     f 

 : 

, i 
i           | 

-i - .   1  
:-!■:! ; Tfi 

i 

• i 

i * ! 

\ 

:- '   • 1      ! .......      f i     i     , ...... .. .. i  .. 
. 1 i       1    ■  : 

.: .J.'..   1     : 

1 
;      1      1   ■ .......     1    .,    . „i_ 1 

j 

.....;... i 
6 

-4__ \oMnL -irH-r ;-. j-H     j -~,    j-- 
:       i       ;       ;       ! 

t 

"i 1 ! '" ; i""T~" 

1 ■      1      j 

H T 1 IT 
f 

1 

~ 

i 

. -. • .i i.. 

i 1 ; 
—; — j 1  

1      i 

r \:r 

:.rn . 

.   .  .    :      ... 
: ' 

!  i   .. — :.,_,              
| 

i"' 

...J 

1 
-''■r -■ 

 f" 
i 

■'■■ [ ■■■>-■■ 
!    !    ! 

I-! : 
: 

.  _ . „ 

i 

■              1 
1 

• - j- ..;.:...' .... '— A- 
; 

1 
l 

"• ri 
■- -] - ..-..;. 144.. 

-  :    a    :   - 
■ :-j/ 

j           f 

i           i 
......                > 

'          1 
;        t 

fc   i* 
■r !.' i " 

■ t           ■ 
i ( ■ ' . 

;   '■         M 1       !       I       :     > 
/A !"    i        i 

j                 I 

C   .- ,!f    . 'n nia* 
i 

j...: L_. I ■ 

j 
. 1 

I        1   ...J 

.  ... j-._' . 

i           .           i           ; 
. :      :             i   ■ 

-■« [ 4vK 

1 
! • 

Jf 
s 

<3 

--1— .. . 
• 

: 

' 
j 

1 i         j 
j 

1 
: 

... |__. 

* 

■ 

': 
; 
■ 

1 

1         ; 
1 

i 

.: ...i. ..   j 

* 

i 

-. -Ik 

| 

JE 

1 
1 L 

. . . l. .. '   1  ■ 
 r-f: V.- 

!       ! -    I 

.11 j .IZ 
1           i     : 

■    j           1           j 

j 
...... 

! 

7" 

--i  - 
' yd ■ 

! ' 

_ 1 

! 

1       j 

4. IJ 

XCCUH 

.—j.— 

r    j 
L .. 

! 

■ j. 
4 

-4— 
i. ■■ 

i 
L.   :  _J 

•  A 1 
/1 ■ !    1 

■ 

_ . 

C7t 

.... 

1 ■ 

~- 

;: i •  ' 

J. LJZL.:    L:   . 
;           1 

Ä/. mk& 
- '      . 

.: I      !      ! 

.   ,.._ 

■>' 

■**t\ 

j   Hi   : - — - 
' >Ll'L .. J i .... ||£K«M[ftl- 

' i             i      .       . .   '   .. 

f~"TY— 
1 

»wit 3I3.0& 

;■:!!   1   ! 
  ... i       J_._ 1 ,: > rh!i 

-H - ■ i      1     !■ 1       1  -J*\ i I: f j u.;i:i:J 1 .     i  ■ ' 

.    ! :.: 
..14— - 

r ' i 

i 

i  ' !   -I 

....... j.. .. 
■ i 

1 

1 " "T 
1 

....     j   : J4.1 
:■ 

: 4' <?o'/<? 
■1 

.   1 ■; ■ s 
i ■ ■ • 1, L4- iLk ~*-i-- :..i öj:' ?...L._ 

1 r 
'' \ 9. ft_.L ■$Lx'. 1. 104. - 

< 

j 
i 

-   U. 
.! ]' ' : ) :   : ■ ! ■;., j   '. ' ■■ r ■' til ■ i 

■ ■ i 
i Irt !i«^*- ,44 Gli VtGÜ'' 

—1   U—-. ... i.j 
... i 

1 
- 

■--: 

_..._ 
;r: ~r ■ •.— .... 

: l 
li 

1 ■ !      : 

■   .      j       :   .   ■ 

i 

"''■■'•' 

i; i * 

1......:. 
a; i: 1 
t!   ■ 

' r , i i ::'j 7 "mm a h ip* »< [ftf «Ä< p C+ti* .szi^j 
1 ,;.k^ 1^ iiS $H 'P /»i rd* ■lirf .^ 

; 
• i 

."! 
- 

A* c jfcfl 'VK #4 FP FW»A "Ü W* »»T ^1 riif p': P,4 rtj ^1 •1, V 
t ■ \ 1 \4 j  , 

;'::i     : 
i 

'':■■   ■   " M ">W Tl 

9.13 

»MJf ■r% rif* S^--- :  1 j  !■ 

;j;, 

■ : :!v 
' * ' I. i: :• [■[;.: 

'■:■ 

- * :t : ,..■: 

*-: " 1 lit i'' 

,7:-y.,.:.JL--..*..rK -.' — '^if-^ J.^J: Äi^-V-i... ,■■-. - -                                                                                                             »Jrt* 

permit fully legible  K-prcdnction * 

■k. tr M^sl- t.*:*ä t.i?i ~~ ■■ - 
_.. ife-CH '■%- 

W;... l.:=v-'-;^:%-? :S^^r,^ dÄ*-= Jffl*S*i -43 
"""'■ "■■■■ 

* :   39 



r 

ätijktiagtitoj reproduction 
_^*M± 



1/ 
öoWavailaSletoDTlc'does^ 

FIGURE 23   SAMPLE OSCIJ 

.   ■"<=' '„«SV uakofcESifcUAsiSSi'S 



^ 

i 

VW fm*  *»m '^M^" I**  V»-» W"^ 

^7 
tPUC OSCILLOGRAPH RECORD    /^ 

i,..\..,-^=:"\      y d^^^M^^.3"::   ,.■    ::^i^±^^ll-^WM^-m^^^^ 



mfP -5? ■at 
i   i  im Mini* 

fAAJ\J\J\J\J\*M\J\f^\S*W*/\JSjW*l****^^ 

.I     ...<•". .'■'I'   .,'1 

 /\ <—!—^ 

1 

>4 



V     * 

£^&» 

» 

-—•+ £g; Ml Ex 
TO 

iFiÄiSÄL'E 

Sl^ffife 
iM;NjC-Y(±ic: Arrow ,D 

PysfiH^t- fe 
Rn 

ISnSi*:-::2Scüic Rit:iHr DISTURBANCE . H:J■-.•: 

STUflLBANlE; 

tTUpfc RE5RDKJJ5E 

Copy ovf ^ble' iV^o****1 

d^v.*--:" >.^"V.A 

D#tUÜt 



Cqpf ore» 
puxnit fully legibl« iCtiOB 



Copy available to  UTHL 
pcnnit fully legible repioduction 



»X 

0 
~ S - 

3S 

^M*S5 

-1 >'2ff-"' «■ :**»»tvsfc,_ i.. 


